occurrence of an outcome or by its unexpected omission. This mechanism is thought to play a role not only in behavioral conditioning but also in predictive and causal learning in humans ( owing because it is assumed to reflect a release from error is a driving force in learning. A competing view, the overshadowing that occurred between the foods probabilistic contrast (PC) theory, is that learning and during the initial compound meal. Conversely, if I find prediction error are unrelated. We tested a learning that eating the chicken alone causes the allergic reacphenomenon that has proved troublesome for assotion, there would be grounds for decreasing my belief ciative theory -retrospective revaluation-to evaluate in the allergenic potential of the absent fish on the asthese two models. We previously showed that activasumption that the presence of the chicken in the initial tion in right lateral prefrontal cortex (PFC) provides a compound meal was sufficient to cause the reaction. reliable signature for the presence of prediction error. 
Figure 1. Schematic of Experimental Design
The key event types are shown (control items are described in the text and in Table 1 ). During stage 1, subjects learned that certain food pairs were invariably predictive of an allergic response (jagged red outline). When subjects had learned this (across 12 trials for each food pair, with a total of six different food pairs plus control items), single items were presented during stage 2, and in each case, one of the foods from each pair was present while the other was absent. For half of these foods, an allergic reaction occurred (leading to backward blocking of the absent food), and for half, no reaction occurred (green box), leading to unovershadowing of the absent food. If retrospective revaluation had indeed occurred during stage 2, the subject would now have differing expectations about the absent foods. This would lead to different levels of prediction error depending upon whether that food was now seen to cause an allergic reaction or not. Thus, for backward blocked items (in this case bananas), an allergic response would be more surprising than for unovershadowed items (in this case cheese). Conversely, the lack of an allergic response would be more surprising for cheese than for bananas. Note that the revaluation stage engenders different expectations for items that have precisely the same degree of familiarity and associative history, meaning that we can dissociate prediction error from these frequently confounding factors. tion error engenders the opposite change in associative or without the response (unovershadowing). Under a rule-based account, such as the PC model, no trial type strength to that produced by pairing the same prediction error with a presented cue. Therefore, any prediction is specially privileged, and the subjects merely update their representation of outcome frequencies in light of error that reduces the associative strength of the chicken should, by contrast, enhance the strength and the training trials. Probabilistic contrast models, therefore, do not predict a unique neural signature for trials hence the causal status of the absent fish.
PC theory conceives of retrospective revaluation as on which retrospective revaluation occurs. In contrast, associative theory posits prediction error as part of a process of separating the effects of confounding causes in light of the complete history of prior trials. This disamthis process. biguation involves partialling out the effects of alternative causes by the computation of conditional probabilistic contrasts in light of the information from all learning implicitly follow a qualitative version of these computations. Importantly, whether an event is surprising or not Our attempt to distinguish between these two explanthe occurrence of prediction error, and our findings would be consistent with an associative, rather than a atory approaches to retrospective revaluation is based on the assumption that the hemodynamic response in The task design is summarized in Figure 1 and Figures 2D and 2E show the changing predictive repared to the trials engaging retrieval of within-comsponses to retrospectively revalued cues across stage pound associations. This is evidence that activation in 3, depending upon whether they were accompanied by these regions does not simply reflect the fact that suban allergic reaction ( Figure 2D ) or not ( Figure 2E ). jects were being confronted with a single food that had, in the earlier trial, been paired with a companion food. These findings are reported in Figure 4A ), backward blocking) than for control items. Within the set of regions of interest, activations surviving the chosen right PFC showed a main effect of this violation for the combination of post-unovershadowing and post-backthreshold were observed in PFC (right and left), anterior cingulate gyrus, ventral striatum, and substantia nigra.
ward blocking prediction error. Figure 3 shows the location of the frontal, anterior cingulate, and striatal regions, together with plots of parametion following Unovershadowing and Backward Blocking. On closer examination of the data, the main effect of ter estimates across the key activation and control conditions.
Direct Comparisons of the Effects of Expectancy Viola-
surprise was carried almost completely by right PFC response to the nonoccurrence of allergic reaction in Direct Comparison between Unovershadowing and Backward Blocking. Table 3 summarizes regions showunovershadowed items. The direct comparison of the post-unovershadowing and post-backward blocking ing differential responses to backward blocking and unovershadowing. Note that, while activation in ventral prediction error trials indicated that the former produced significantly greater activation in this region than did the striatum was greater for unovershadowing, no regions showed significantly greater activation for backward latter (see Table 4 and Figure 4B ). 
Investigating the Relationship between Neural Responses
this subject was suspected to be an outlier.) As is shown in Figure 5B , subjects showing greater activity in both in Retrospective Revaluation at Stage 2 and Those Associated with Subsequent Violation at Stage 3 regions at stage 2 also showed greater surprise-dependent activation at stage 3 (see Table 5 for coordinates Our stage 3 index of the impact of retrospective revaluation indicated strongly that prediction error-dependent of local maxima). right PFC activation was found only following unovershadowing. We therefore restricted this analysis to the Discussion unovershadowing condition. We obtained subject-specific effects for unovershadowing (versus its control)
There is good evidence that activation in both right lateral PFC ( stage 3 of the current experiment also provides strong evidence in favor of this position, we must ultimately be
We also report direct contrasts between the two retrospective revaluation conditions and the within-compound retrieval condition.
cautious in drawing too specific an inference. Nevertheless, the accompanying ventral striatal activation in response to retrospective revaluation trials provides further evidence for the occurrence of prediction error at dent brain activation and unovershadowing is further this stage. Moreover, the fact that both lateral PFC and strengthened by the observation that stage 2 activations ventral striatal activation are predictive of later surprisein right PFC predicted the ways in which subjects subsedependent frontal activation provides further support quently responded to the revalued cues. That is, at stage for our position. such modification is the formation and retrieval of withinOur interpretation is based upon previous demonstracompound associations. With reference to our study, tions of right PFC activation in response to trials where, during stage 1 associations are formed between foods according to associative theory, there should be predicpresented in pairs, such that when one cue is presented, tion error-dependent learning. The use of a mask derived a representation of the absent-but-expected cue is refrom previous data makes us confident that the PFC trieved from associative memory. This, of course, might mean that activations could reflect the retrieval of withincompound associations rather than prediction error. Table 1 . These trials were arranged given by all subjects prior to imaging. One of the volunteers subseto cause retrospective revaluation of the absent but expected cues quently found the learning task too difficult and was therefore exfrom stage 1. cluded from further analysis, leaving thirteen subjects.
Retrospective Revaluation Trials. In the backward blocking condition, one cue from a pair that had previously caused an allergy (for Learning Task example, with reference to Figure 1 , this might be bananas and A within-subjects design was used. Materials consisted of food chilies, and with reference to Table 1 Table 1 ). They served as control trials for backward blocking and maximum of 1/120 Hz), and serial autocorrelations were estimated using an AR(1) model. unovershadowing. F 1 Ϫ and F 2 Ϫ were included to control for the retrieval of within-compound associations, which are associative
The average hemodynamic response to each event type was designated as occurring at the presentation of the outcome stimulus links between the foods in a compound pair that serve to retrieve a representation of the absent member of the pair when the other (i.e., when subjects were informed whether or not an allergic reaction had occurred for that trial) and modeled using a canonical, synthetic member is presented. Within-compound retrieval is a key process in the associative account of retrospective revaluation. By contrasting hemodynamic response function (Friston et al., 1998) . This function was used as a covariate in a general linear model, and a parameter trials on which revaluation occurs with those on which within-compound associations are retrieved but there is no revaluation of causal estimate was generated for each voxel for each event type. The parameter estimate, derived from the mean least-squares fit of the status, neural responses to associative change for an absent cue were identified. model to the data, reflects the strength of covariance between the data and the canonical response function for a given condition. Stage 3: Violation of Learned Expectancies There were four critical conditions in stage 3, involving the items Individuals' contrast images, derived from the pairwise comparisons between these events and baseline fixation tasks, were then entered from the revaluation conditions that had not been presented during stage 2. Half of these items were presented in association with an into a second level group analysis using an ANOVA model with nonsphericity correction. For the stage 2 effects, this ANOVA modallergic reaction, and half were presented with no allergic reaction. Critically, on some trials the outcome should violate the expectation eled the two retrospective revaluation conditions (unovershadowing and backward blocking) and the two control tasks. For stage 3, the engendered by any retrospective revaluation that had occurred during stage 2. For other items, this would fulfill the prediction engentwo surprising conditions (surprising outcome and surprising nonoutcome) together with the two unsurprising conditions were indered by revaluation. This is outlined in Figure 1 : if revaluation occurs during stage 2, then presentation of the outcome during stage 3 cluded in the ANOVA. Within these models, pairwise comparisons, as detailed below, were carried out in which t values were calculated should be more surprising following the backward blocking cue, banana, than following the cue from the unovershadowing condition, for each voxel treating intersubject variability as a random effect.
The t values were transformed to unit normal Z distribution to create cheese. Similarly the occurrence of no reaction following cheese, should be more surprising than no reaction following banana. a statistical parametric map for each of the planned contrasts. Thus, stage 3 enabled us to determine the brain activity during two trials in which prediction error should be larger (backward Thresholding Strategy blocked items in which an allergic reaction occurred and unoverIn order to maximize sensitivity in this analysis while minimizing the shadowed items in which an allergic response did not occur; referrisk of type I error, we confined the critical analyses to a number of ring to Table 1 
